Introduction 12
In 2007, the United States government signed into action the Energy Independence and Security Act 13 (EISA), which expanded the Renewable Fuel Standards (RFS) program and outlined government 14 mandated goals for the utilization and production of renewable fuels in the United States by 2022. In 15 2010 the revised RFS2 mandates outlined that 136 billion liters of renewable fuels be used in the US and 16 60.5 of 136 billion liters be produced using the cellulosic platform or second generation technologies, 17 along with goals for reduced greenhouse gas (GHG) emissions (Gao et feedstock costs to be 35-50% of total ethanol production costs, with the logistics associated with moving 23 the biomass to the biorefinery comprising 50-75% of the feedstock costs. These high logistical costs 1 reduce the potential profit margins for biomass producers and biorefinery operators and are therefore a 2 serious concern (Hess et al., 2007) . 3 A majority of the potential lignocellulosic feedstocks are harvested annually or bi-annually, resulting in 4 extended storage to provide a continuous supply to a biorefinery. As a result, a large proportion of the 5 biomass must be stored and preserved to provide a consistent, year-round feedstock supply to the 6 biorefineries. Identifying the most cost effective method to minimize dry matter losses is essential. 7
Minimizing dry matter loss during storage could play a key role in reducing the total biomass costs for 8 the biomass producer and biorefinery operator and be crucial for the overall profitability of these 9 operations. Biomass can be stored under wet or dry methods, both having advantages and 10 disadvantages. Zheng et al. (2012) found that ensilage (wet storage) of sugar beet pulp (SBP) was an 11 effective combined storage and pretreatment method that resulted in increased ethanol yields (0.2 g 12 ethanol/g SBP) via fermentation with E. coli KO11. However, few studies have fully detailed the resulting 13 ethanol yields from biomass stored under dry conditions over an extended period of time or monitored 14 changes occurring during that storage period (Emery and Mosier, 2012) . The sensitivity of MUB-linked substrates also allows for the utilization of a 96-well plate format, which 7 conveniently allows rapid measurement of activity for a range of enzymes and a large number of 8 samples. 9
The goal of this study was to investigate the potential impact of four dry storage methods of sorghum 10 biomass on the conversion to ethanol. We monitored the changes in biomass components, extra-cellular 11 enzyme activity, and conversion to ethanol yields during each storage condition and duration. These 12 studies critically evaluated the effect storage has on biomass components, including dry matter, 13 cellulose, hemicellulose and lignin and enzymes specifically associated with cellulose and hemicellulose 14 degradation. 15
Materials and Methods 16
All analyses were carried out as described below. After bale grinding, sub-samples for biomass 17 component or conversion to ethanol and enzymatic activity analyses were immediately stored at -20°C 18 or -80°C, respectively, until analysis. 
Storage Treatments 6
The bales were randomly assigned to one of four treatment groups: no plastic/no tarp (NN), no 7 plastic/tarp (NT), plastic/no tarp (PN) and plastic/tarp (PT). All bales were assigned a random number 8 from one to 96 and weighed. Those bales requiring plastic wrap were first wrapped two to three times 9 with Tytan Wrap Premium Silage 
Conversion to Ethanol 6
As with the biomass component determination, aliquots from three bales from each treatment and 7 sampling time were used for conversion to ethanol. The conversion of sorghum biomass to ethanol 8 followed methods outlined by Yoo et al (2011) with some modifications. In brief, substrate (20% w/w) 9 was added to 2% (w/w) sodium hydroxide solution (Sigma Aldrich, St. Louis, MO) and autoclaved (SS-10 325E; Tomy Tech, USA, Inc., Fremont, CA) at a temperature of 121°C for 30 minutes. The remaining 11 solids were washed with deionized water to neutralize, followed by drying in an air oven at 60°C for 24 12 h. Enzymatic hydrolysis of the dried pretreated substrate was carried out using the proprietary blend of 13 cellulase enzymes, Cellic® CTec2, provided by Novozymes (Novozymes A/S, Denmark). at 30°C. 1 mL samples were taken after enzymatic hydrolysis and fermentation for quantification of 21 glucose and ethanol using a binary HPLC system (Shimadzu Corporation, Japan) as described by Oberoi 22 et al (2011) and a Phenomenex Rezex RPM monosaccharide column (300 x 7.8 mm; Phenomenex, CA). 23
In brief, degassed deionized water was used as a mobile phase at a flow rate of 0.6 mL min 
Data Analysis 6
The data were analyzed using PROC GLIMMIX in SAS 9.2 Software (Cary, North Carolina, USA). The 7 treatment and time main effects and treatment*time interactions were tested, followed by post-hoc 8 analysis of treatment. The effects of storage time were evaluated against treatment NN at time 0 as the 9 control. The treatment*time interactions were further decayed with pairwise comparisons of slice 10 effects. Differences were considered significant at alpha = 0.05. Statistical differences between 11 treatments at a sampling point are indicated by different letters, while * indicates a statistical difference 12 from the control (treatment NN at time 0). 13
Results and discussion 14
This study provides detailed information on biomass components, extra-cellular enzyme activity and 15 ethanol yields in dry, baled biomass stored under the four storage conditions over a 6 month period. All 16 dry weights are based on the post-storage moisture content of each bale. At sampling time 0, the 17 average moisture content was determined to be 10-12%, which was also assumed to be the initial 18 moisture content of all the bales. The bales in the uncovered treatment were visibly deteriorated (dark 19 colored, moldy), whereas those from the covered treatments were similar to their initial condition after 20 baling, with little to no noticeable deterioration, even after 6 month storage. 21
Biomass Component Determination 22
Sorghum biomass dry matter, cellulose and hemicellulose contents were generally similar in treatment 1 NT, PN and PT, but differed from treatment NN after storage (Figure 1 ), while lignin content was similar 2 between all treatments and storage times, including NN. We focus on the differences between the three 3 covered treatments (NT, PN and PT) and the uncovered, control treatment (NN) at each sampling time. 4
As expected, biomass components did not differ among the treatments at time zero. Dry matter did not 5 change after 6 months of storage in the covered treatments, shown in figure 1a. In contrast, dry matter 6 content declined in treatment NN, which also differed from treatments NT, PN and PT after 2, 4 and 6 7 month storage. Our dry matter results concur with Khanchi et al. and 17% dry matter losses in bales wrapped in plastic after 9-month storage. Dry matter losses were 13 more dramatic in this study: uncovered small square bales lost on average 33.2% of dry matter during 14 the 6-month storage. These differences among the studies are likely attributable to bale geometry, bale 15 size, bale density, biomass feedstock, and sampling methods. 16
Cellulose contents in the covered treatments NT, PN and PT remained stable compared to the 17 uncovered treatment NN after 2, 4 and 6 month storage (figure 1b). In contrast to dry matter, cellulose 18 contents in all treatments after 4 month storage were lower than in the control, with treatment NN 19 having the lowest content of 22.4%. This continued decline in cellulose content for treatments NT, PN 20 and PT was not seen after 6 months storage. While cellulose content in treatments NT and PT did not 21 differ from the control after 6 month storage, it was lower in treatment PN than in the control ( figure  22 1b). The reduced cellulose content in treatments NT, PN and PT after 4 months storage could be 23 attributed to environmental conditions, as sampling occurred in mid-February when temperatures and 24 precipitation were at a low (figure 2). Additional environmental factors that could have led to biomass 1 degradation are temperature cycling and extremes, moisture (precipitation) and solar degradation. 2 However, at the 6 months storage time, reduced cellulose content was not seen in treatments NT, PN 3
and PT compared to time 0. This could indicate that reduced temperatures and precipitation (seen after 4 4 months of storage) could greatly influence cellulose degradation, even when the biomass is covered. 5
The change in hemicellulose content was found to follow the same pattern as dry matter. The 6 uncovered treatment NN was found to have reduced hemicellulose content after 2, 4 and 6 month 7 storage, while the content in the covered treatments (NT, PN and PT) remained stable (figure 1c.). Lignin 8 contents did not differ among the treatments at sampling point (figure 1d). However, treatment NN 9 differed from control after 2, 4 and 6 months storage. As seen with cellulose and hemicellulose 10 contents, a decrease in lignin content was observed after 4 months storage for all treatments, which 11 could be due to environmental factors at sampling as previously described. (Figures 3a and 3b) . In contrast, these activities 6 were higher in the uncovered treatment than in the control after 2, 4 and 6 month storage. Although 7 the two substrates used to estimate the activities of cellulose-degrading enzymes were largely 8 consistent, cellulase activity as measured by 4-MUB-β-D-glucoside was higher in treatment PT than in 9 the control and did not differ from treatment NN after 6 month storage. Hemicellulase activity as 10 measured by 4-MUB-β-D-glucuronide hydrate (figure 3c) did not differ between treatments or when 11 compared to the control after any length of storage, except for treatment PT where estimated activity 12 was higher than in the control after 6 month storage. Hemicellulase activity as measured by 4-MUB-β-D-13 xyloside did not differ between treatments at time zero as expected. The estimated activity in treatment 14 NN was greater than in the control after 2, 4 and 6 months of storage. Furthermore, this activity was 15 higher in treatment NN than in treatments NT, PN and PT after 2, 4 and 6 month storage. Treatments 16 NT, PN and PT did not differ at 2 and 4 month storage, but differed between treatments after 6 months. 17
Overall, the cellulose and hemicellulose degrading extra-cellular enzyme activities were consistently 18 highest in the uncovered bales. This corroborates with the reduced cellulose and hemicellulose contents 19 in these bales. In contrast, the enzyme activities remained low in the covered bales and the cellulose 20 and hemicellulose contents stable after 6 months of storage. 21
Conversion to Ethanol 22
Prior to enzymatic hydrolysis, we optimized sample pretreatment using a dilute acid (2% sulfuric acid) or 1 dilute alkali solutions and autoclaving (results not shown) as described in Brijwani et al (2010) and 2 Oberoi et al (2011) . The dilute alkali pretreatment (protocol described above) resulted in the highest 3 glucose yield from the biomass and was therefore chosen for further evaluation for the production of 4 ethanol. We also evaluated optimal parameters for enzymatic hydrolysis and fermentation to ethanol by 5 varying enzyme dosage levels and incubation times (results not shown). Figures 4a and 4b display  6 glucose and ethanol yield per gram of biomass on dry weight basis (prior to pretreatment) displayed. As 7 with the other parameters (biomass components and extra-cellular enzymatic activity) we determined, 8 the glucose and ethanol yields did not differ among the treatments at time 0. We observed no 9 differences in glucose yields between the treatments or between treatments and the control after up to 10 six months of storage, except for an increase in the uncovered treatment NN after 2-month storage 11 compared to the control. Our glucose yields were higher than those reported by Brijwani et al. (2010) 12 and Yoo et al. (2011) for enzymatic hydrolysis of soybean hulls and soybean hulls supplemented with 13 wheat bran, respectively. These differences can be attributed to differences in feedstock component 14 quantities and in the chosen enzyme hydrolysis system. Similarly to glucose yields, ethanol yields did not 15 differ between the treatments at time zero. None of the treatments differed from each other or from 16 the control after 2 or 4 months storage in regards to ethanol yields. However, after 6 months, ethanol 17 yields from biomass in treatment NN were lower than those from treatments NT, PN and PT and from 18 the control. Ethanol yields in treatments NT, PN and PT did not differ from each other or from the 19 control after six months storage. Ethanol yields after 0, 2 and 4 months of storage are similar to those 20 reported by Balat (2011) for conversion of cornstalk to ethanol using dilute alkali pretreatment and 21 enzymatic hydrolysis. During 6-month storage, ethanol yield from covered bales remained stable. In 22 contrast, uncovered bales had a significant decrease in ethanol yields after 6 months of storage. 23
Although the uncovered biomass contained less cellulose, we did not observe congruent decreases in 24 the glucose yields. This may indicate that biomass storage either uncovered or covered does not 1 compromise the ability of the commercial enzymes to hydrolyze cellulose to glucose during enzymatic 2 hydrolysis. Furthermore, the reduced ethanol yields from biomass stored uncovered for 6 months, 3 observed in this study, could indicate the introduction of compounds inhibitory to ethanol fermentation 4 by S. cerevisiae. In addition, it is important note the large loss of dry matter from the biomass stored 5 uncovered -these losses will ultimately reduce the ethanol volume produced from biomass stored 6 uncovered. 7
Substrate losses, including dry matter, cellulose and hemicellulose, were consistently greatest in 8 uncovered stored plant biomass left susceptible to environmental elements. The results of this study 9 strongly indicate plant biomass substrate used for the production of lignocellulosic ethanol can be 10 preserved during storage if the biomass is covered. 11
Conclusions 12
From biomass harvest to conversion to ethanol, the storage method (covered or uncovered) for 13 preserving dry plant biomass used for lignocellulosic ethanol production was found to play a large role in 14 substrate quality and subsequent ethanol yields. This comprehensive study found congruency in three 15 datasets, specifically reduced cellulose content, increased extra-cellular enzymatic activity associated 16 with cellulose degradation and ultimately reduced conversion to ethanol yields in biomass left 17 uncovered over six month storage. Congruency was also seen in covered biomass bales, with stability in 18 cellulose content, extra-cellular enzymatic activity and ethanol yields. 19 Tables and Figures  1   Table 1  2 Extra-cellular enzymes assayed in biomass samples collected from each treatment at each sampling 3 point, their commission number (EC) and corresponding substrate. 
